abstract OBJECTIVE: To determine whether subsequent births after short and long interpregnancy intervals (IPIs) are associated with risk of autism spectrum disorder (ASD).
WHAT'S KNOWN ON THIS SUBJECT: Both short and long interpregnancy intervals are associated with increased risk of autism in second-born children. However, it is not known if the association is explained by unfavorable birth outcomes of the previous siblings.
WHAT THIS STUDY ADDS: Both short and long interpregnancy intervals increase risk of autism in second-born children independently of previous siblings being born premature, having low birth weight, or being born by cesarean delivery and independently of maternal antidepressant use 3 months before pregnancy.
Interpregnancy interval (IPI), defined as the time between the birth date of one child and conception of the subsequent child, has been reported to influence both pregnancy and child outcomes. Several studies have associated both short and long IPIs with increased risk of adverse perinatal outcomes, including low birth weight, small for gestational age, preterm birth, neonatal death, and stillbirth. [1] [2] [3] [4] [5] [6] [7] A few studies have reported increased risk with only short 5 or long 8 IPIs.
Short IPIs have also been reported to increase the risk of psychiatric and neurodevelopmental disorders. A registry-based study from Sweden reported a 3-fold increased risk of schizophrenia in individuals who were conceived 6 months after the birth of a sibling compared with 12 to 24 months. 9 An analysis of the Danish psychiatric registry data also found an increased risk of schizophrenia associated with an interbirth interval of ,26 months (corresponding to an IPI of ∼18 months) compared with an interbirth interval of $45 months (or an IPI $31 months). 10 Autism spectrum disorder (ASD) is a neurodevelopmental condition with unknown cause for the vast majority of cases. Both genetic and environmental factors are recognized to play a role in its etiology. 11, 12 A number of previous studies reported associations between pre-, peri-, and neonatal factors and risk of ASD. [13] [14] [15] However, very few studies have investigated the relationship between IPI and ASD. Two studies reported an association between short IPI and increased risk of ASD, 16,17 whereas 2 others found an increased risk of ASD associated with both short and long IPIs. 18, 19 The objective of the current study is to further investigate the association between IPI and ASD and expand on previous studies by controlling for additional potential confounding factors, including maternal use of antidepressant medication before pregnancy, prepregnancy BMI, and change in BMI between the first and second pregnancies, as well as unfavorable outcomes of the first pregnancy. Furthermore, we explored whether the association was affected by intermediate factors, including low birth weight and preterm birth status of the second-born child.
METHODS

Study Population
The study population was drawn from the cohort of children born between January 1, 2000, and December 31, 2009 (n = 350 956) at Kaiser Permanente Northern California (KPNC), an integrated health-care delivery organization that provides health care to .3 million residents (∼25% to 30%) of the San Francisco and Sacramento metropolitan areas and surrounding counties. KPNC members are broadly representative of the local and statewide population in terms of sociodemographic characteristics, except for the extremes of income distribution. 20 Eligibility was restricted to singleton children of known parity who were born at a gestational age of $24 weeks, who remained health plan members until at least 2 years of age, and who had a sibling born between 1990 and 2009 (n = 150 649). From this cohort, we excluded 50 036 children whose siblings were not born at KPNC, 16 659 whose siblings were not full siblings, and 32 640 whose birth order was .2. We additionally excluded 6053 children whose mother had an indication of pregnancy loss between the births of her first and second children (using information on the birth certificates of the first and second child) and children for whom data on gender, parental age, or race/ethnicity were missing. Our main analysis focused on second-born children whose older (firstborn) siblings did not have ASD (n = 44 383). A secondary analysis was conducted among second-born children whose firstborn full sibling had an ASD diagnosis (n = 878).
Identification of Siblings
All singleton siblings were identified by linking the cohort to the State of California vital statistics birth files by child's first and last name, child's date and place of birth, mother's first and maiden name and date of birth, and father's last name and date of birth. Children with matching information on both parents were considered full siblings. December 31, 2012 , and who were receiving services for ASD were also considered cases in secondary/ sensitivity analyses.
Ascertainment of ASD
Definition of IPI
Interpregnancy interval was defined as the time between the birth of the firstborn child and the conception of the second-born child. For each pair of consecutive siblings, the IPI was calculated as the number of elapsed days between the dates of birth of each child minus the gestational age (in days) of the second-born. Assuming 30 days in a month, IPI was categorized as follows: ,6 months, 6 to 8 months, 9 to 11 months, 12 to 23 months, 24 to 35 months, 36 to 47 months, 48 to 59 months, 60 to 71 months, and $72 months. For the main analyses, the reference category was 36 to 47 months. To compare our findings with previous studies, we also ran an analysis redefining our reference category to be IPI $36 months.
Covariates
Information on several parental and infant characteristics was obtained from KPNC maternal prenatal and pediatric electronic medical records and state vital statistics databases and was used to adjust the measure of association between IPI and risk of ASD in multivariate analyses. The covariates included child gender, year of birth, maternal and paternal age at birth of the study child (,20, 20 to 24, 25 to 29, 30 to 34, and $35 years; continuous), maternal education (less than high school, high school, college, postgraduate, or unknown), maternal race/ethnicity (white, non-Hispanic; white, Hispanic; Black; Asian; or other), maternal place of birth (United States, Mexico, or other), maternal BMI (used as a continuous variable) based on second-trimester pregnancy weight and height measured during the a-fetoprotein screening, and maternal antidepressant use (serotonin-specific reuptake inhibitors and heterocyclic antidepressants dispensed at a KPNC pharmacy in the 3 months before the date of conception of the second child). These covariates have been previously reported to increase risk of ASD. [21] [22] [23] [24] [25] [26] [27] [28] [29] Change in maternal BMI between the 2 consecutive pregnancies (a proxy for maternal weight retention), birth weight, type of delivery, gestational age, and ASD status of the first child were also included in our analysis because they could possibly influence the length of IPI. We also explored the effect of intermediate variables preterm birth, low birth weight, and mode of delivery of second-born child on the measure of association between IPI and ASD.
Data Analysis
To account for differential time of follow-up until an ASD diagnosis could be made, we used a Cox proportional hazards regression model to estimate the association between IPI and risk of ASD. The censoring date was the date of the first ASD diagnosis, or if no diagnosis, the date of last membership in the health plan or the end of the study period of December 31, 2013, whichever came first. In the multivariate analyses, we included parental age and child gender because parental age was associated with both IPI and risk of ASD. Although child gender was not associated with IPI, we included it in all analyses because of its strong association with ASD. We further adjusted the main results for maternal antidepressant use 3 months before the conception of the second-born child because of its possible association with IPI and ASD. Additionally, we conducted analyses restricting our sample to second-born children whose firstborn siblings were not low birth weight, not preterm birth, or not born by cesarean delivery because these factors can possibly increase the length of IPI between the birth of the first child and the conception of the second child.
As a sensitivity analysis, we conducted a multivariate logistic regression analysis excluding cases with only 1 ASD diagnosis. In a second sensitivity analysis, we included additional cases of ASD (n = 18) who were identified in the DDS client database as of December 31, 2012, but were not identified in KPNC databases because they left the health plan before being diagnosed. In a third sensitivity analysis that included 18 140 (40.9%) of the sibling pairs for whom information on maternal BMI was available for both pregnancies, we additionally adjusted the results for maternal BMI during the pregnancy of the secondborn and change in maternal BMI between the first and second pregnancies. Finally, a secondary analysis was conducted among second-born children whose firstborn full siblings had an ASD diagnosis (n = 878). The study protocol was approved by the KPNC Institutional Review Board and the California State Committee for the Protection of Human Subjects.
RESULTS
Of the 44 383 second-born children who had a firstborn full sibling without an ASD, 547 (1.2%) were diagnosed with an ASD by the end of the study period (377 autistic disorder, 117 Asperger's disorder, and 53 pervasive developmental disorder not otherwise specified). There were no differences between second-born children with ASD and those without ASD with respect to maternal education, place of birth, or race/ethnicity. However, a higher proportion of children with ASD had mothers age $35 years and were born between 2000 and 2003 compared with children without ASD. The male-to-female ratio was much higher for those with ASD (4.6:1) than those without ASD (1:1). Children with ASD were more likely than children without ASD to be low birth weight and preterm ( Table 1) . The relationship between IPI and the prevalence of ASD in the second-born children approximated a U-shaped distribution, with the highest prevalence of ASD at both short (,6 months: 2.1%) and long ($72 months: 1.8%) intervals (Fig 1) .
After adjustment for child gender and parental age, the risk of ASD was 1.5 to 3.0 times higher for IPIs ,24 months and $72 months compared with an IPI of 36 to 47 months (Table 2) . Of the 547 ASD cases, 36 had an ASD diagnosis recorded only once in their medical record. Excluding these 36 cases had no effect on the results (data not shown). To compare our findings with previous studies, 16 (Table 2 ).
When we restricted the analysis to second-born children whose firstborn full siblings had a birth weight $2500 g, were born at term (gestational age $37 weeks), or were born vaginally, short and long IPI remained associated with increased risk of ASD (Supplemental Table 4 ). Short and long IPI were associated with increased risk regardless of ASD subtype (data not shown). Controlling for the gestational age or birth weight of the second-born, which can be intermediate variables between IPI and ASD, did not affect the measure of association between IPI and ASD (Supplemental Table 5 ). In sensitivity analyses that included 18 additional ASD cases ascertained from the DDS client databases, findings were similar (Supplemental Table 6 ).
The pattern of association between ASD and IPI was unchanged after additional adjustment for maternal second-trimester BMI or change in maternal BMI between the first and second pregnancies among the subgroup for whom information on maternal BMI was available. Risk estimates ranged from 2.0 to 3.4 for IPI intervals ,24 months and 2.6 to 4.4 for intervals .60 months (Supplemental Table 7 ). Finally, in a secondary analysis, we found a similar association trend between short and long IPI and ASD in secondborn children whose firstborn full siblings were diagnosed with ASD (Table 3) .
DISCUSSION
Our results of a U-shaped association between IPI and risk of ASD are similar to 2 recent studies that reported increased risk of ASD associated with both short and long IPI. 18, 19 In a case control study including 2208 secondborn children with ASD and 5163 matched controls identified from the Finnish Medical Birth Register, Cheslack-Postava et al reported that children born after IPIs of ,12 or .60 months had a 28% to 50% increased risk of ASD. 18 In a population-based case-cohort study that included 160 second-born children with ASD and Our finding of a .2-fold increased risk of ASD in second-born children associated with IPI ,12 months is consistent with findings from 2 other previous studies. 16, 17 Our results are also consistent with those of another previous study showing a higher recurrence rate of ASD associated with short IPI. 30 Our results show that the association between short or long IPI and ASD was not explained by unfavorable outcomes of the first pregnancy, including low birth weight, prematurity, or cesarean delivery. These factors could increase the length of time between the birth of the first child and the conception of the second child, and previous studies did not take them into account in their analyses, which could have affected their effect measures. In the current study, we also report that the association between IPI and risk of ASD in the second-born child is not explained by the ASD status of the firstborn child, which, to our knowledge, has not been previously reported.
Several biological mechanisms have been hypothesized to explain the link between short IPI and risk of ASD. A short interval between two pregnancies can cause maternal nutritional depletion when the mother's body does not have enough time to recover from the physiologic stresses of the preceding pregnancy. 16, 31, 32 One of the most important nutrients for healthy fetal development is folic acid, which plays an important role in neuronal development. 33 During pregnancy, the demand for folic acid is increased because it is required for rapid cell proliferation of the uterus and the fetus. Thus, by the end of pregnancy, a woman may be at risk for folate deficiency. 34 Low maternal folic acid intake in pregnancy has been associated with increased risk of ASD. 35, 36 High maternal BMI related to conception shortly after a previous birth has also been hypothesized to explain the link between short IPI and ASD risk. Both maternal obesity 25 and gestational weight gain 22 have been reported to moderately increase risk of ASD. If a woman has gained substantial weight during her first pregnancy, the probability of high BMI at the start of the second pregnancy after a short IPI will be high. However, in our study, the association between short IPI and risk of ASD was strengthened after controlling for maternal prepregnancy BMI and change in BMI between the first and second pregnancy. Ours results also show that the association between short and long IPI and ASD are not explained by maternal antidepressant use 3 months before the date of conception of the index child.
The interpretation of the association between long IPI and ASD is not straightforward. Infertility 37 and advanced parental age 24, 28 can be associated with long IPI and are Values are expressed as n (%). HR adjusted for maternal age, paternal age, and child gender.
